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Abstract

A solid freeform fabrication technique, aqueous based
extrusion fabrication (ABEF), was investigated for the
creation of three-dimensional lattice Hydroxyapatite
scaffolds with pre-designed pore properties. An aqueous
based Hydroxyapatite paste was extruded through a 0.8
mm nozzle, and deposited layer-by-layer at room
temperature according to a computer-aided design (CAD)
file. The morphology of green body and sintered body
were characterized using digital microscope. The phase
purity was analyzed using XRD. Fourier transform
infrared spectroscopy (FTIR) was performed in order to
understand the phase changes upon heating process and
to determine HA stoichiometry. The current investigation
confirms the possibility of producing three-dimensional
lattice Hydroxyapatite scaffolds without any impurities as
indicated by XRD and FTIR techniques. The morphology
analysis of the structured macroporous Hydroxyapatite
bioceramic shows interconnected macro pores and micro
pores. It will give possibility for colonization of osteoblast
in the pores, fibrovascular ingrowth and finally the
deposition of new bone formation.
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1. Introduction

Hydroxyapatite (HA, Caio (POus)s
(OH)2) ceramics has been widely used as bone
substitutes. In recent years, particular
attention has been paid to the preparation of
HA bioceramics with porous morphology.
Porous HA exhibits strong bonding to the
bone; the pores provide a mechanical
interlock leading to a firm fixation of the
material. Bone tissue grows well into the
pores, increasing strength of the HA implant.
It was realized that the dimension and
morphology of pores are crucial factors for an
excellent osteointegration. The minimum
pore size required to enable ingrowth of the
surrounding bone together with blood supply,
is about 100-150 pm for macropores, but
several researchers also state that even at
pores of as small as 50 pm osteoconduction is
still possible. In addition, the bigger pores size,
with diameter around 200-500 pm are very
important for colonization of osteoblast in the
pores, fibrovascular ingrowth and finally the
deposition of new bone. Other important
requirements for porous implants are
interconnectivity of the pores for the
penetration of the osteoblast-like cells inside
the pores as well surface roughness for the
attachment of cells.

Porous HA can be produced by a
number of methods including conversion of
natural biological origin material, ceramic
foaming  technique, polymeric  sponge
method, gel casting of foams, starch
consolidation, microwave processing, slip
casting and electrophoretic  deposition
technique. However, production of three-
dimensional lattice HA bioceramics scaffolds
with  structured or controllable pores
properties using solid freeform fabrication
technique, aqueous based extrusion
fabrication (ABEF) method has not been fully
understood and researches in this area are still
ongoing. In this research the three-
dimensional lattice HA bioceramics will be
produced and characterized. The results of the
investigation are also expected to shed light on
the preparation of structured macroporous
HA bioceramics for medical application.

2. Materials and Methods

A. Hydroxyapatite Paste Preparation

Hydroxyapatite =~ powder  (Sigma
Aldrich 04238) was used to paste preparation.
Before making the bioceramic paste, the
morphology and particle size were assessed by
scanning electron microscopy (SEM, JEOL
type JSM-6360LA with acceleration voltage
of 20 kV.). The samples were mounted on
steel stubs and subsequently coated with
palladium (Pd) using a sputter coater (E1030
Ion Sputter, Hitachi). To prepare the HA
bioceramic paste, 1 gram HA powder was
mixed 1.2 ml distilled water and stirred for 60
minutes to form fine HA paste.

B. Three-Dimensional Lattice HA
Development

The experimental setup is shown in
Figure 1. The lattice model was prepared using
CAD software and generates the G-Code to
control ABEF system. The deposition system
(Figure 2.) has four axes: X, Y, Z and
extrusion. The XY table has precision 0,024 *
0,003 mm for X-axis, 0,030 £ 0,007 mm for
Y-axis and 0,042 £ 0,006 mm for Z-axis. The
60 ml plastic syringe with nozzle diameter of
0.8 mm was mounted on the Extrusion-axis
and the sample substrate is deposited on the
XY table. The lattice pattern in each layer is
defined by the trajectory of the extrusion-axis
in relation to the XY table movement and the
Z-axis moves in steps of one layer thickness
to produce a 3D assembly.

The hydroxyapatite paste was put
into the 60 ml syringe tube (luer lock) in the
ABEF system for green body preparation.
The prepared green body than was dried at
incubator with temperature 100 C for 60
minutes and continued with sintering process
in temperature 1250 C for 120 minutes with
heating rate 5 C/minutes in air atmosphere.
The heat-treated three-dimensional lattice
Hydroxyapatite bioceramics then were cooled
to room temperature by slow furnace cooling
then collected and characterized.

C. Characterization
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Figure 2. The aqueous based extrusion fabrication
(ABEF) with RepRap controller

The phases present in the three-
dimensional lattice hydroxyapatite
bioceramics samples were analyzed using X-
ray Diffraction with a monochromated CuKoa
as the radiation source at 40 kV, 40 mA and a
scan speed of 3 /min and step scan of 0.02 .
The crystalline phase compositions were
identified with reference to standard JCPDS
powder diffraction database available in the
system software.

The morphology of the three-
dimensional lattice hydroxyapatite
bioceramics sample was examined using a
digital camera and microscope. Fourier
transform  infrared  spectroscopy  were
performed on the sample in order to
understand the phase changes upon heating
process and to determine HA stoichiometry
deviations, i.e. the presence of anions partially
substituting PO, and/or OH- groups. For
this measurement, the transmission IR spectra
will be recorded using KBr pellets over the
range of 400-4000 cm™! with 1 cm! resolution
averaging over 100 scans.

3. Results and Discussion

A. Morphology Analysis

Figure 3(a). shows the morphology of
commercial HA that was obtained from
chemical synthesis. The HA powder consist of
a mixture of fine powder particles ranging
from less than 1 - 3 um in diameter and larger
particles of 5 - 10 um in diameter. The larger
particles appear to be large agglomerates of
loosely packed smaller particles those are easy
broken into smaller particles, resulting in a
rough surface shown in Figure 3(b).

(a) . (b)
Figure 3. The scanning electron micrograph of
commercially available HA (Sigma Aldrich)
exhibit the presence of loosely packed particles.
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A direct observation made after the
green body preparation shows the sample has
structured macroporous with interconnected
pores as shown in Figure. 4. This structure
was similar with the pre-design structure that
was made in the CAD software.
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Figure 4. General morphology the macroporous
HA bioceramics green body (before sintering
process).

Before sintering, the HA powder and
macroporous HA green body are white in
color as shown in Figure 4. But after sintering
using electric box furnace up to 1250°C for
120  minutes in air atmosphere, the
macroporous HA  bioceramics  became
shrinkage 35% and the color become light
blue. Generally, the color of the mineral is
related to some impurities or defects.
Furthermore, the crystal structure of HA
powder also determines the color change.

The commercial HA powder that was
used in this research is considered as a
synthetic HA material. It has hexagonal space
group P6;/m with a molecule of
Cai10(PO4)s(OH)2 in the unit cell. The light
blue color appears at the structured
macroporous HA bioceramics samples are
believed due to the existence of manganese
content. Previous research also confirmed
that synthetic HA containing manganese
shows a blue color after sintering at high
temperature in an oxidizing atmosphere.

Figure 4. also shown the
macroporous HA bioceramic that was
produced in this research show macro porous
with structured and interconnecting pore.
Porous bone graft as a temporary matrix for
bone growth must possess an open pore, fully
interconnected geometry in a highly porous
structure with large surface area to volume
ratios that will allow cell in-growth and an
accurate cell distribution throughout the
porous structure, and will facilitate the
neovascularization of the construct from the
surrounding tissue. Furthermore, the porous
implant materials should also exhibit adequate
microporosity, in order to allow capillary in-
growth.

B. Phase Structure Analysis

The XRD patterns of the as received
commercial HA powder and macroporous
HA bioceramics are shown in Figure 5. The
well resolved XRD both samples could be
easily indexed on the basis of hexagonal
crystal system of space group PG6s/m with
respect to JCPDS File No. 9-432. The Bragg
peaks at approximately 21, 22, 25, 26, 28, 31,
32,34, 35,39, 40, 42, 43, 45, 40, 48 and 49 (20)
corresponds to the characteristic peaks of
pure HA phase (JCPDS File No. 9-432).
XRD analysis also indicates the absence of
secondary phases, such as TCP or calcium
oxide (CaO).

The as received HA powder peaks in
Figure 5. also exhibited a low or
semicrystalline crystallinity as indicated by low
intensity and wide diffraction peak. But, after
was developed into structured macroporous
HA bioceramic by manually extrution method
and sintering process in 1250°C, peaks of the
sample become narrow and high intensity
compate to previous peaks of commercially
available HA from Sigma Aldrich as shown in
Figure 5. The high crystallinity will improve
the mechanical strength of HA material, but if
the crystallinity is too high it will more difficult
for it to be absorbed into the body compared
to bone apatite.
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Figure 5. X-ray diffraction pattern of as received
commercial HA powder in comparison with
sintered macroporous HA and XRD data of HA
standard JCPDS No. 09-0432.

C. Chemical Compounds Analysis

The infra red spectrum of as received
commercial HA powder (Sigma Aldrich
04238) and the structured macroporous
Hydroxyapatite bioceramic are shown in
Figure 6. and Figure 7. The infra red spectrum
of commercial HA powder and the structured
macroporous  Hydroxyapatite  bioceramic
exhibit only the characteristic absorption
peaks of HA. A large number of bands in the
spectra matches the bands in the HA
reference spectrum and are in close agreement
with reported data on HA [28]. There are no
significant differences observed in the FTIR
spectra of both samples.
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Figure 6. FTIR spectra of- as commercial HA
(Sigma Aldrich 04238)
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Figure 7. FTIR spectra of structured
macroporous HA bioceramics from commercial
HA powder (Sigma Aldrich 04238) after sintering

at 12500C in air atmosphere

In general, the FTIR spectra from both
HA powder and the structured macroporous
Hydroxyapatite bioceramic indicated the
presence of phosphate (PO4*), hydroxyl (OH-
) and carbonate (CO3?%) ions. The 1033-1090
cm! band arise from 3 PO43, the ~962 cm!
arise from » PO4* and the ~570 cm! bands
arise from », PO4>-.

The FTIR spectra from all samples in this
research exhibit a pronounce peak at ~601
cm” and ~3570 cm™! due to the presence of
hydroxyl groups. The band of OH- at 3570
cm! increases in intensity due to the sintering
process in 1250°C. This condition can be
attributed to the increase in HA crystallinity
with increasing sintering temperature as
observed from XRD pattern of these samples
in Figure. 5.

The results from this study give the
evidences the possibility of producing the
three-dimensional  lattice =~ Hydroxyapatite
bioceramic from commercial HA powder
using ABEF technique. The interconnected
pore and pore distribution of the sample give
a shed light on the preparation of structured
macroporous HA bioceramics for medical
application.

4. Conclusion

In the present work, three-
dimensional lattice Hydroxyapatite
bioceramic was prepared and characterized.
The following conclusions can be drawn:

1. The current investigation confirms the
possibility of producing the structured

93



M.K. Herliansyah and Y. Nugroho / Journal of Matetials Processing and Charactetization 1(2), (2020) 89-95

macroporous Hydroxyapatite bioceramic
from commercial HA powder (Sigma
Aldrich 04238) without any important
impurities as indicated by XRD and FT-
IR techniques.

2. The morphology analysis of the
structured macroporous Hydroxyapatite
bioceramic shows interconnected macro
pores and micro pores.
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